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Abstract: Two types of MgB2 films were prepared by pulsed laser deposition (PLD) 
with in situ and ex situ annealing processes respectively. Significant differences in 
properties between the two types of films were found. The ex situ MgB2 film has a Tc of 
38.1K, while the in situ film has a depressed Tc of 34.5K. The resistivity at 40K for the 
in situ film is larger than that of the ex situ film by a factor of 6. The residual resistivity 
ratios (RRR) are 1.1 and 2.1 for the in situ and ex situ films respectively. The Jc-H curves 
of the in situ film show a much weaker field dependence than those of the ex situ film, 
attributable to stronger flux pinning in the in situ film. The small-grain feature and high 
oxygen level may be critical for the significant improvement of Jc in the in situ annealed 
MgB2 film.  
 
Shortly after the discovery of superconductivity in 
MgB2, thin films with bulk-like Tc were achieved by ex 
situ annealing of a boron or Mg-B precursor film in Mg 
vapor.1,2 Significantly higher Jc at zero field was obtained 
in the ex situ thin film than in bulk, however the Jc 
dropped sharply with increasing field as was observed in 
Ref. 1. Kang and co-workers optimized the ex situ 
annealing conditions by fine-tuning the annealing 
temperature and time, and a very high Jc of ~107J/cm2 at 
5K, 0T, with a weak field dependence was obtained.3 
Eom and coworkers found that an high oxygen level in 
the MgB2 film prepared by a two-step procedure 
significantly improved the Jc in high fields.2 The 
technical drawback for applications of the two-step ex 
situ procedures is the inability to produce multi-layer 
structures. Zeng et al. developed an in situ HPCVD 
method to grow high quality MgB2 film epitaxially.4 The 
Jc value of their MgB2 film reached 3.5x107A/cm2 at 4.2K, 
0T (transport measurement), but it dropped rather quickly 
to 105A/cm2 as the field increased to 4T, which indicates 
weak pinning due to a low level of impurity and disorder 
in their films.4 Other MgB2 films, as-grown and in situ 
annealed, have more or less suppressed Tc,5-8 but the Jc 
properties are quite good in high fields at lower 
temperature.5 It seems that the differences in 
superconducting properties between different types of 
films strongly depend on the microstructure and 
preparation processes. However, the detailed mechanisms 
are still not clear.  
In this letter, we report a comparative study on in 
situ and ex situ annealed MgB2 films prepared by pulsed 
laser deposition. Significant enhancement of the pinning 
force as well as a weak field dependence of Jc is obtained 
in the in situ annealed film. The differences in both 
microstructure and superconductivity between the in situ 
and ex situ annealed MgB2 films are discussed.  
In the preparation of the in situ annealed film, the 
precursor film was deposited on an Al2O3-R substrate 
from a stoichiometric MgB2 target (84% density). The 
pulsed laser (248nm, 300mJ/pulse) was focused to an 
elliptical spot with dimensions of 7mm x 1.5mm on the 
target. The deposition time for MgB2 is 5min with a laser 
repetition of 10Hz. During the deposition, the substrate 
was kept at 250
 
 and in Ar at 120mTorr. A ~800nm 
thick Mg cap layer was then deposited onto the precursor 
film. The film was heated in situ to 685 
 
 in 12 min 
and kept at this temperature for 1min in a 1 atm Ar 
atmosphere.5 For the ex situ annealed MgB2 film, a boron 
precursor film was deposited from a boron target (~40% 
density) in a 10-7-10-6 Torr vacuum. The substrate was 
also kept at 250
 
 during the deposition. The precursor 
film was then wrapped in Ta foil and sealed in a stainless 
steel tube in an Ar atmosphere, together with Mg pellets. 
The tube was put into a 900
 
 furnace and kept for 
30min. The ex situ annealing conditions follow Kang et 
al.’s optimized procedure.3 We prepared each type of 
MgB2 film several times under the same conditions, and 
good reproducibility in Tc was found in both types of 
films. 
The transport measurement was carried out on a 
PPMS-9T magnetometer system (Quantum Design), 
using a standard 4-probe method. The zero-field-cooled 
(ZFC) magnetization vs. temperature (M-T) curves and 
magnetization hysteresis loops of the films were 
measured on an MPMS-5T magnetometer. In each 
measurement the applied field was perpendicular to the 
film plane. Jc(A/cm2) was calculated from the height of 
magnetization loops, M(emu/cm3), using the standard 
equation based on the Bean model: Jc=20M/[a(1-a/3b)]. 
Due to the similarity in dimensions of our films (0.55cm 
x 0.25cm x 350nm), the Jc obtained can be used for 
comparative purposes. The irreversibility field (Hirr) and 
Hc2 at each temperature were selected as the point of 10% 
and 90% of the normal state resistivity in the resistivity-T 
curves, respectively.  
The surface topography and the thickness of the 
films were determined by both atomic force microscopy 
(AFM) and scanning electron microscopy (SEM). The 
cross-sectional SEM images of the two films are shown 
in Figure 1. We take 350nm as the thickness of the in situ 
annealed film in the calculations of Jc and resistivity, but 
this value is actually a lower estimate of the effective 
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thickness of the in situ film due to the existence of big 
islands on the film (Figure 1(a)). The thickness of the ex 
situ annealed film is also about 350nm, which is more 
accurate because of the comparatively smooth and 
homogeneous surface of the film (Figure 1(b)).     
Figure 2 shows the resistivity vs. temperature curves 
of the two films. The Tc is 38.1K (T=1K) and 34.5K 
(T=3K) for the ex situ and in situ annealed films 
respectively. The ex situ annealed film has a higher Tc 
and a narrower transition width in the transport 
measurements. However, we notice that the bulk 
diamagnetism transition in the M-T curve for the in situ 
film (T=5K) is actually sharper than for the ex situ 
annealed film (T=9K), which indicates a more 
homogeneous superconducting phase in the in situ film. 
Also shown in Figure 2 is a significant difference 
between the resistivity of the two types of films. The 
resistivity of the in situ annealed film is 104 cm at 
40K, whereas the resistivity of the ex situ film is 17cm. 
The residual resistivity ratios are 1.1 and 2.1 for the in 
situ and the ex situ annealed films respectively. The ex 
situ annealed MgB2 film showed more metallic properties 
than the in situ one in terms of electrical transport in the 
normal state.  
Figure 3 shows the temperature dependence of Hirr 
and Hc2 for the MgB2 films. Data for MgB2 films from 
the literature are shown for comparison.2,9 The slope of 
the Hirr (Hc2)-T curve of the in situ annealed film is 
significantly higher than for the ex situ film. The Hirr 
values and the slope of Hirr -T curve of our in situ 
annealed film are higher than the oxygen alloyed ex situ 
film reported by Eom et al,2 which indicates a further 
enhancement of pinning force in our in situ annealed film. 
Figure 3(b) shows a comparison of Hc2 between the in 
situ and ex situ films. There is a good agreement with the 
literature in that films with higher resistivity have larger 
Hc2-T slopes.9 The Hc2 value for our in situ film is higher 
than that of the oriented high resistivity film studied in 
Ref. 9, with the applied field perpendicular to the film 
plane.  
 The field dependence of Jc of the two films is shown 
in Figure 4. The critical current is over 5x106A/cm2 in 
zero field from 5 to 20 K for both in situ and ex situ films. 
The in situ annealed MgB2 film shows a much weaker 
field dependence of Jc than the ex situ film. The Jc at 5K 
and 5 T is about 106 A/cm2, whereas the Jc for the ex situ 
film drops to less than 104A/cm2 in the same field and 
temperature. The Jc behavior of the ex situ annealed 
MgB2 film is very similar to that of clean MgB2 bulks, 
which indicates a lack of pinning in high fields. 
A clear difference in the surface features of the two 
films is revealed by AFM images, as shown in Figure 5. 
The ex situ annealed film showed a typical crystallized 
surface with random grain orientation. The individual 
blocks, which are probably crystallites, are about 400 nm 
in size. This grain size is consistent with the cross-section 
observation in Figure 1(b). In contrast, the detailed scan 
of the in situ annealed film, shown in Figure 5(a), reveals 
small rounded cells of 30-100 nm in diameter. 
Considering the lack of crystalline surface characteristics, 
it is possible that inside these cells there are even smaller 
grains. The clear microstructural differences between the 
two films may be of decisive importance for the 
significant difference between the field dependence of 
their Jc. In the in situ films, the small grains with their 
grain boundaries, usually about 3nm wide, are of 
desirable dimensions for efficient pinning.10 Whereas in 
the ex situ film, the grain boundary pinning is less 
pronounced for the relatively larger grains.  
Impurities may also play an important role in the 
increase in Hc2 and the enhancement of flux pinning in 
the in situ film. As shown in the EDS result (Figure 6), 
the oxygen level in the in situ annealed film is obviously 
higher than in the ex situ annealed film. Due to the high 
reactivity of Mg with oxygen, a significant amount of 
oxygen may be introduced into the in situ film during the 
MgB2 deposition process. For the ex situ film, the boron 
precursor is much less sensitive to oxygen. As discussed 
in the literature,2,9 the oxygen in MgB2 bulk and thin film 
could substitute for boron or exist as MgO precipitates. In 
both circumstance the intra-band scattering is enhanced, 
and effectively increases the slope of the Hc2-T curve for 
the MgB2 thin film.9 Despite the high oxygen level, the Tc 
of our in situ film was not dramatically suppressed, which 
is consistent with the theoretical prediction that the 
inter-band scattering rate between  and  band would be 
small and the Tc less influenced by intra-band scattering 
in MgB2.11 Moreover, nano-sized MgO particles, which 
are usually observed in oxygen-rich MgB2 films,2 could 
provide effective pinning centers, and lead to a further 
enhancement of critical current density in high fields.  
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Figure captions: 
 
Figure 1. SEM cross-section images of the two types of films. a: in situ annealed MgB2 film; b: ex 
situ annealed MgB2 film 
 
Figure 2. Temperature dependence of the resistivity of the two types of MgB2 films from 5K to 
300K in zero field. 
 
Figure 3. Irreversibility lines (IL) and upper critical field versus temperature curves for the in situ 
and ex situ annealed films. a: Irreversibility lines for the in situ and ex situ films. The data from the 
literature (Ref. 2) are put in the figure for comparison. b: Upper critical fields versus temperature for 
the two films. The data from Ref. 9 are shown in this figure. 
 
Figure 4. Critical current of the two types of MgB2 films calculated from M-H loops. Solid symbols: 
ex situ annealed film; open symbols: in situ annealed film. 
 
Figure 5. AFM images (illuminated 3D mode) of the in situ and ex situ annealed MgB2 films. (a) in 
situ annealed film in 500x500 nm2 range, (b) ex situ annealed film in 2x2 m2 range. 
 
Figure 6. EDS peaks for the in situ and ex situ films. In order to avoid interaction with the Al2O3 
substrate, a low electron beam energy of 5kV was used. (a) in situ film, (b) ex situ film. 
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